Adolescence is a neurodevelopmental period during which experiencedependent plasticity in brain circuitry may confer vulnerability to depression as well as resilience to disorder. Little is known, however, about the neural mechanisms that underlie resilience during this critical period of brain development.
A n estimated 1 in 3 adolescent females in the United States is diagnosed as having major depressive disorder (MDD), 1 the leading cause of disability and second leading cause of death during adolescence, 2 with an estimated 17% lifetime prevalence. 3 In contrast to the large body of research examining neural aspects of depression in adolescents, 4, 5 little is known about neurobiological factors that confer resilience to this disorder. The American Psychological Association defines resilience as the process of adapting well in the face of significant sources of stress and bouncing back from difficult life experiences. 6 Debate is ongoing about the definition and determinants of resilience, which likely include biological, psychological, social, and cultural factors that help shape response to stressful experiences. 7 Extending the focus of psychopathology-based models to incorporate strength-and competency-based approaches may facilitate the development of strategies designed to prevent and treat adolescent depression as well as promote resilience in high-risk youth.
Adolescence is marked by stress and increased risk for the onset of depression 3 ; it is also a neurodevelopmental period with the potential for heightened learning, flexibility, and development of adaptive emotion regulation skills. 8, 9 Significant maturation of neural networks involved in emotion regulation 10, 11 and experience-dependent plasticity within brain networks 12 occur over adolescence. Emotion dysregulation in adolescents has been associated with anomalies in the limbic network, [13] [14] [15] the executive control network, 16 and the salience network. 17 Moreover, researchers have found increased plasticity within emotion regulation circuitry after treatment with antidepressants and psychotherapy, first-line interventions for adolescent depression. [18] [19] [20] Specifically, abnormally decreased prefrontal activity, implicated in deficits in emotion regulation and cognitive control in depression, 21, 22 normalizes with successful treatment in individuals with depression. [18] [19] [20] Researchers have also documented changes in connectivity between the amygdala (within the limbic network) and the anterior insula (within the salience network), 19, 23 as well as in executive control network connectivity, after psychotherapy. While these treatment-induced changes in connectivity are not necessarily markers of resilience, they are promising targets for putative networks implicated in neural mechanisms underlying resilience to developing adolescent depression. The present study was designed to examine resilience in adolescent females at familial risk for depression. Using a seedbased resting-state functional magnetic resonance imaging (fMRI) approach, we compared functional connectivity of the limbic network, executive control network, and salience network in high-risk adolescent females in the resilient group with both high-risk adolescent females in whom depression developed (converted) and low-risk adolescent females with no history of psychopathology (control) group. Based on previous findings, 24, 25 we hypothesized that compared with their conversion and control peers, adolescent females in the resilient group will show adaptive compensatory changes in their brain networks, including greater connectivity between the amygdala and prefrontal regions implicated in emotion regulation, and greater overall executive control network connectivity. We also hypothesized that the converted group will show reduced executive control network and greater salience network connectivity compared with the resilient and control groups. Finally, given the modulatory roles of significant life events on brain development, 26 we examined whether greater amygdalafrontal connectivity is associated with these significant life events.
Methods

Study Design
This longitudinal study of familial risk for depression recruited 190 female adolescents. Data were collected at Stanford University from October 1, 2003 , to January 31, 2017. Participants were followed over the course of adolescence from age 9 through age 18 years, for a mean (SD) of 7.6 (2.4) years, and completed clinical and behavioral assessments at 18-month intervals. The neuroimaging data were acquired toward the end of the study, at 1 time (mean [SD] age 18.9 [2.5] years of participants when neuroimaging data were acquired). The study was approved by the institutional review board at Stanford University; written assent was obtained from all study participants and written consent was obtained from their parents.
Participants
At the time of study entry, participants were between 9 and 14 years of age and had no current or lifetime history of any Axis I disorder. Half of the participants had a mother who had recurrent MDD episodes during the daughter's lifetime (high risk); the other half had mothers with no history of Axis I disorder (low risk). Approximately 6 years after entering the study, 92 of the 190 participants (43 high-risk adolescent females; 49 low-risk adolescent females) completed a resting-state functional magnetic resonance imaging (fMRI) scan. We report here on 65 of these 92 adolescent females: 20 high-risk females in whom MDD developed after entry to the study but who no longer had MDD by the time of the scan (converted); 20 high-risk
Key Points
Question What are neural markers of resilience in adolescent females at risk for depression?
Findings In this longitudinal study of 65 adolescent females, we examined functional connectivity in limbic, salience, and executive control networks. High-risk adolescent females who were resilient to depression had greater connectivity between regions in limbic and executive control networks than did high-risk adolescent females who developed depression and low-risk control adolescents; further, the strength of this connectivity was correlated with positive life events in the group of resilient adolescent females.
Meaning Our findings highlight functional neuroimaging biomarkers of resilience to adolescent depression that may be candidate targets for the prevention and treatment of depression.
females in whom MDD did not develop (resilient); and 25 lowrisk females in whom no Axis I disorder developed (control). A more detailed description of sample selection is presented in eAppendix 1 in the Supplement.
Clinical and Behavioral Assessments
At each assessment at 18-month intervals, interviewers administered the Kiddie Schedule for Affective Disorders and Schizophrenia present and lifetime version (K-SADS-PL) 27 to participants who were younger than 18 years and the Structured Clinical Interview for DSM (SCID) 28 to participants who were older than 18 years. Receiving a diagnosis of MDD required that participants meet DSM-IV criteria with no history of manic, hypomanic, or mixed episodes.
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In addition to the K-SADS-PL and SCID administered at baseline and follow-up visits, participants completed the Children's Depression Inventory (CDI) 30 to assess depressive symptomatology and the Life Experiences Survey (LES) 31 to assess positive and negative life events and the perceived meaning of these events. Participants reported on the presence, valence (positive or negative), and significance (4-point scale; 0 indicating no effect to 3 indicating great effect) of 50 life events (eg, moving to a new home, new relationship, special recognition at school, parent's divorce). The summed significance score of each event created the cumulative negative or positive impact score.
Seed-Based Functional Connectivity Analyses
The acquisition of fMRI and parameters for preprocessing are described in eAppendix 2 in the Supplement. We conducted resting-state functional connectivity analyses using a seeddriven approach in Functional Connectivity SPM Toolbox (CONN). 32 We selected a whole-brain seed-to-voxel analysis approach to test a priori hypotheses involving specific neural networks, and to facilitate comparisons with the extant resting-state fMRI literature on adolescent MDD. 14, 15, 33, 34 We generated whole-brain seed-to-voxel correlation maps by extracting the residual Blood Oxygenation Level Dependent (BOLD) signal time course from a priori regions of interest, including the amygdala (limbic network), anterior insula (salience network), and dorsolateral prefrontal cortex (executive control network) ( Figure 1 ). Seed regions were 5 mm in diameter and created based on peak coordinates from the literature. [35] [36] [37] [38] We used methods that minimize the influence of motion and artifact (eAppendix 3 in the Supplement). We computed Pearson correlation coefficients between the time course of each seed and the time course of all other voxels in the brain. We converted correlation coefficients to z scores using Fisher transformation and used them in second-level general linear model analyses to examine group differences. We performed voxelwise 2-sided t tests to directly compare data from participants in the resilient group with data from participants in the conversion group and data from participants in the resilient group with data from participants in the control group as the main outcomes of interest. For all connectivity analyses, we set voxel-level thresholds to P < .001 and corrected for multiple comparisons using cluster-level false discovery rate (FDR) thresholding P < .05 based on gaussian field theory. 39 We applied Bonferroni correction to the FDRcorrected cluster-level P values to correct for 6 a priori seeds (bilateral amygdala, anterior insula, and dorsolateral prefrontal cortex). 
Statistical Analyses
The analyses were performed in SPSS software, version 23 (SPSS Corp) and R package, version 3.3.1. Statistical significance was set at 2-sided P < .05 for behavioral and demographic data. We compared the 3 groups on demographic, clinical, and behavioral assessments using 1-way analysis of variance with post hoc Tukey tests, as appropriate, for continuous variables. We used the Wilcoxon signed rank test to compare the 3 groups on income and educational level, and χ 2 tests to examine group differences in race/ethnicity and medication. We first used Pearson correlations to examine the association between amygdala-orbitofrontal cortex (OFC) functional connectivity and LES scores (positive and negative, separately) within each high-risk group (resilient, converted). We then performed linear regression to test whether the highrisk groups differed in associations between LES scores on amygdala-OFC functional connectivity. We further tested that LES scores were not correlated with motion parameters. 40 
Results
Demographic and Clinical Information
In total, 65 female adolescents were followed in this longitudinal study, categorized into 3 groups: 20 at high risk in whom depression did not develop (resilient), 20 at high risk in whom depression developed (converted), and 25 at low risk with no history of psychopathology (control). Other demographic and clinical data are presented in Table 1 . The 3 groups did not differ in age at the time of the scan or recruitment, length of time in the study, race/ethnicity, or household income. Although no participant experienced a psychiatric disorder prior to entering the study, participants in the high-risk groups had higher CDI scores at baseline than did the control group; however, the mean CDI scores at study entry were well below the diagnostic cutoff of a score of 13. On the day of the scan, the converted group had higher CDI scores and lower global assessment of functioning scores than did the resilient and control groups. Few of the participants (n = 4) were taking psychotropic medication at the time of the scan; the 3 groups did not differ on this variable. Three resilient participants had a lifetime history of alcohol and cannabis abuse (n = 1), specific phobia (n = 1), or binge eating disorder (n = 1); all participants were in full remission at the time of the scan except for the participant who met criteria for specific phobia whose score on the Beck Anxiety Inventory scale was 4, well within the normal range (0-9). Beck Anxiety Inventory scale scores range from 0 to 63. A total score of 0 to 7 is interpreted as a "minimal" level of anxiety; 8 to 15 as "mild"; 16 to 25 as "moderate," and; 26 to 63 as "severe." The resilient and converted groups did not differ significantly with respect to the total number of maternal episodes of depression (t 19 = −1.14; P = .27).
Life Events and Resting-State Functional Connectivity
Scores on the LES are summarized in Table 1 . The 3 groups did not differ in number of negative or positive life events or in positive or negative impact scores at the time of the scan. Results of the analyses comparing resilient vs converted and results of comparisons between resilient and control are summarized in Table 2 .
Amygdala Seed Results
Compared with the converted group, adolescent females in the resilient group had greater connectivity between the left amygdala and right superior frontal gyrus (SFG) (z score = 0.19; P < .001), right amygdala and left OFC (z score = 0.23; P < .001), and bilateral inferior temporal gyri (z score = 0.16; P < .001). Compared with the control group, the resilient group had greater bilateral amygdala connectivity with the left and right angular gyri (z score = 0.09, P < .001). See Figure 1B and C for more details, and Table 2 for a complete list of our results.
Anterior Insula Seed Results
Compared with the control group, both high-risk groups had greater salience network connectivity: the converted group had greater intranetwork connectivity than did the resilient (z score = 0.13; P < .001) and control (z score = 0.10; P < .001) groups, and the adolescent females in the resilient group had greater salience network connectivity with the superior frontal gyrus than did the converted (z score = 0.24; P < .001) adolescent females. See Figure 2 for more details and Table 2 for a complete list of our results.
Dorsolateral Prefrontal Cortex Seed Results
Compared with the converted group, adolescent females in the resilient group had greater left dorsolateral prefrontal cortex connectivity with the left inferior frontal gyrus (IFG) including the ventrolateral prefrontal cortex and with the left superior temporal gyrus (STG) (z score = 0.24; P < .001). Compared with the control group, adolescent females in the resilient group had greater right dorsolateral prefrontal cortex connectivity with the right MFG (z score = 0.07; P < .001). See Figure 3 for more details and Table 2 for a complete list of our results.
Differential Effects of Life Events on Amygdala-OFC Connectivity
No significant correlations between amygdala-OFC functional connectivity were found with negative events, meaning of negative events, or meaning of positive events within either high-risk group . We found a significant correlation between positive life events and connectivity between right amygdala and left OFC in the resilient (r 18 = 0.48; P = .03) but not in the converted (r 18 = −0.18; P = .47) groups. We compared these associations between the high-risk groups directly using linear regression, which yielded a significant interaction effect of group and positive life events on amygdala-OFCFC(t 35 = 2.09; P = .04). The LES scores were not significantly correlated with any of the 18 motion parameters in the resilient group.
Supplemental Analyses
Given significant group differences in CDI and maternal Wechsler Adult Intelligence Scale scores, we included these measures as covariates (separately) to confirm that these group differences did not drive our findings (eAppendix 4 in the Supplement). 
Discussion
Adolescence is a neurodevelopmental period during which experience-dependent plasticity in emotion regulatory neural circuitry may provide opportunities to enhance resilience. Previous research has focused on neural substrates of adolescent depression 4, 5 ; in this study, we sought to investigate neural markers of resilience to depression in adolescence. Thus, we compared profiles of functional connectivity between adolescent females in the resilient group and both converted and control adolescent females within 3 large-scale networks implicated both in adolescent depression and in emotion regulation: the limbic network, the salience network, and the executive control network. The resilient group had notable and potentially protective connectivity characteristics: compared with converted and control adolescent females, adolescent females in the resilient group exhibited greater connectivity between the amygdala and prefrontal cortex, with an association between amygdala-OFC connectivity and the experience of positive life events. Adolescent females in the resilient group also showed greater connectivity between regions of the executive control network than did their converted and control peers. Finally, both the converted and resilient high-risk adolescent females differed from control adolescent females in salience network connectivity: converted adolescent females showed greater intranetwork connectivity than did both resilient and control adolescent females, and adolescent females in the resilient group showed greater connectivity with frontal cortical regions than did converted adolescent females. These findings provide insights into brain circuitry that may be involved in resilience and, therefore, may inform more effective approaches to the prevention and treatment of adolescent-onset depression. Several studies have found aberrant corticoamygdalar connectivity in adolescent females with depression compared with healthy controls. 14, 15 To our knowledge, the present study is the first to examine the connectivity of this circuit in highrisk adolescent females in the resilient group. The amygdala plays a central role in emotion processing, motivation, and learning. 41 We found corticoamygdalar connectivity differences in adolescent females in the resilient group compared with their converted and control peers. The OFC (encompassed within the prefrontal cortex) undergoes extensive maturation during adolescence and is implicated in motivation, interpretation of affect, and emotion regulation. 42 The OFC is also implicated in modulating amygdala function, 43 with greater positive coupling associated with reduced depressive symptomatology over the course of adolescence. 44, 45 In this context, greater amygdala-OFC connectivity in the resilient group may serve a protective role in behavioral and emotion regulation that confers resilience to adolescent females at risk for depression.
We found a significant association between amygdala-OFC connectivity and positive life events in the adolescent females in the resilient group only. Although this finding must be replicated in future studies and we cannot establish directionality of this association, positive life experiences may strengthen amygdala-OFC connectivity or, conversely, greater amygdala-OFC connectivity may lead individuals to interpret life events in a more positive light. Although speculative, differences in the meaning and interpretation of stressful life events, particularly those that are interpreted as positive, may distinguish high-risk adolescent females who remain resilient from those who develop MDD. Experience-dependent plasticity may have a particularly strong association with brain network connectivity in adolescence. 12 Consequently, the inevitable transitions and life experiences that occur during adolescence may provide an ideal opportunity to administer targeted preventions designed to strengthen adaptive coping and cognitive appraisal and interpretation. Resilient adolescent females also showed strong connectivity between regions of the executive control network including the ventrolateral prefrontal cortex, dorsolateral prefrontal cortex, and temporal regions. This network is implicated in voluntary (ie, explicit) emotion regulation, including a No between-group connectivity differences were noted for CVT>RES.
b No between-group connectivity differences were noted for RES>CVT.
c No between-group connectivity differences were noted for CTL>RES.
d No between-group connectivity differences were noted for RES>CTL. manifestation of symptoms may increase resilience to adolescent-onset depression in high-risk youth. Both high-risk groups (resilient and converted) differed from controls in salience network connectivity, with the strongest salience network connectivity in the converted group. The salience network is implicated in self-awareness and in integrating internally and externally salient stimuli. 47 Insula dysfunction is associated with a negative interpretation bias of emotions and life events 16, 48 and is posited to be responsible for misinterpreting salient information as negative. 49 Altered insula responses have also been found when adolescent females with depression view negative stimuli. 50 Our finding of greater salience network connectivity with frontal regions but less intranetwork connectivity in resilient than in converted adolescent females suggests that adolescent females in the resilient group experience negative processing biases of emotionally salient information but have compensatory connectivity in executive control network and frontolimbic regions to counter adverse effects of this processing.
Limitations
We note several limitations of this study. First, although we monitored this cohort of adolescent females longitudinally, we conducted a resting-state scan only at a single time. Thus, it is unclear whether the resting-state functional connectivity differences between resilient and converted that we found in this study were present prior to onset of depression or, alternatively, were a consequence of having developed depression. Examining baseline or serial resting-state scans to assess the trajectory of functional connectivity over the course of adolescence would also be informative to develop age-specific connectivity profiles reflecting resilience. 51 Second, some of the participants we categorized as resilient may experience depression after age 18 years; because our study focused on resilience in high-risk adolescent females, we limited our analysis to adolescent-onset MDD. Third, only 3 participants with resilience had a past psychiatric diagnosis; thus, we could not reliably examine differences between resilient participants with and without a lifetime history of psychopathology. We were also unable to examine group differences in specific life events experienced. Future studies with larger sample sizes are needed to replicate our findings and to examine mechanisms through which intervening life events and their attributed meaning and significance may confer resilience to psychopathology in high-risk individuals. Finally, while all of the high-risk adolescent females had mothers who had experienced at least 2 episodes of MDD during their lifetime, we did not assess extended family history beyond maternal depression. We present additional study limitations and alternative interpretations in the Supplement (eAppendix 5 in the Supplement). 
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Conclusions
In this study, we investigated neural underpinnings of resilience in adolescent females at familial risk for depression and the influence of positive and negatively perceived life events. The characteristics of brain circuitry implicated in emotion regulation that we documented appear to be neural biomarkers of resilience. Our findings suggest an association of experiencedependent plasticity with brain networks, with a direct association between positive life events and amygdala-frontal connectivity in adolescent females in the resilient group. While further research is needed to examine the neural basis of resilience and whether stronger familial risk for depression is associated with higher risk of depression in adolescence, the present findings illuminate key functional connectivity patterns that may be targets for novel prevention and treatment approaches. By shifting the focus of future research to a resiliencebased model of mental health, and by investigating characteristics of high-risk individuals who remain resilient, we may increase our understanding of how to optimize resilience to psychopathology.
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eAppendix 1. Subjects
All of the participants were post-menarche at the time of scanning (age of menarche 12.331.32 years; 6.802.52 years before the MRI scan). Although this study was not designed to assess the relation of puberty to the onset of psychopathology, we did collect Tanner staging data at study entry (although not longitudinally), and we also subsequently recorded age of menarche. Parenthetically, Tanner staging ranged from 1 to 4.5 (3.201.10; average of breast and hair rating) at study entry, an average of six years before the neuroimaging scans.
20 low-risk CTL participants were excluded for meeting DSM criteria for MDD or another Axis I disorder (n=8), or subthreshold criteria for an Axis I disorder (defined as the minimum number of symptoms minus 1; n=12). Two participants (1 CTL and 1 CVT) were excluded because they obtained scores >13 on the Children's Depression Inventory (CDI) on the day of the scan, and another five participants (2 CVT, and 3 CTL) were excluded because of unusable fMRI data (e.g., excessive motion or incomplete coverage).
eAppendix 2. fMRI and Resting-State fMRI Data Preprocessing
Resting-state fMRI scans were conducted at T2 (M=6.28 ± 1.96 years after entry to the study). All fMRI data were acquired using a 3T MR750 Discovery scanner (GE Medical Systems, Milwaukee, WI) with a 32-channel head coil (Nova Medical). T1-weighted whole-brain anatomical images were acquired using a 5-minute GE 3D BRAVO sequence, with an IR-prep fast spoiled gradient (SPGR) sequence with 0.9mm 3 voxel resolution (186 slices, FOV=230mm, TR=6.2ms, TE=2.3ms, TI=450ms, flip angle=12 degrees, 256 x 256mm matrix, sagittal acquisition). Following the anatomical scan, participants underwent a 6-minute resting-state fMRI scan during which they were instructed to keep their eyes closed but remain awake. The resting-state fMRI data were acquired with a T2*-weighted interleaved echo planar imaging sequence designed to measure whole brain BOLD contrast with 3.2mm 3 voxel resolution (37 slices, FOV=224mm, TR=2000ms, TE=30ms, flip angle=77 degrees, 180 volumes, axial acquisition with right-to-left frequency direction).
Functional MRI data were first preprocessed in SPM12 (Wellcome Trust Center for Neuroimaging, University College London, United Kingdom). The first six volumes were trimmed prior to fMRI data preprocessing to account for magnetization equilibration. Data were slice-time and motion corrected, realigned, normalized in Montreal Neurological Institute (MNI) space, and smoothed with a 6-mm full width at half maximum (FWHM) Gaussian kernel. The anatomical image for each participant was normalized to MNI space and segmented into white matter (WM), gray matter, and cerebrospinal fluid (CSF) masks to be used as regressors for artifacts (see below). The residual BOLD time-series was bandpass filtered over a low-frequency (0.009Hz-0.08Hz) window of interest.
eAppendix 3. Artifact and Motion Correction
To address the spurious correlations in resting-state networks caused by head motion and artifact, and allow for valid identification of correlated networks, 1 we used quality assurance software Artifact Detection Tools (http://www.nitrc.org/projects/artifact_detect) to identify problematic time points during the scan. Artifact/outlier scans, defined as average intensity deviating more than 3 standard deviations from the mean intensity in the session or if composite head movement exceeded 0.5 mm from the previous image, were regressed out simultaneously with the WM and CSF signals and prior to bandpass filtering. Specifically, a single regressor for each outlier image was included in the first-level general linear model along with 6 motion parameters and their first order derivatives. Participants who had more than 20% of their volumes identified as motion outliers were excluded from our final analyses (2 participants, one from each HR group, were excluded for this reason). Physiological and other spurious sources of noise were estimated and regressed using the anatomical CompCor method (aCompCor), 2 given the controversy over the use of global signal regression. [3] [4] [5] . Signals from the eroded WM and CSF masks were extracted from the unsmoothed functional volumes to avoid the risk of contaminating WM and CSF signals with gray matter signals and were included in our first-level general linear models as regressors of non-interest.
As we note in Table 1 of the paper, the three groups did not differ with respect to head displacement across the resting-state scan for either number of volume outliers, frame-to-frame transitions, or frame-to-frame rotations (all ps>0.25).
eAppendix 4. No Main Effects of CDI or WAIS on Group Differences in Functional Connectivity.
We investigated potential contributions of day of scan CDI scores and maternal WAIS scores on amygdala-OFC FC by performing two multivariate analyses of covariance (MANCOVA; model: connectivity ~ Intercept + group + CDI [or WAIS] + group*CDI [or WAIS]). We found no significant main effect of the CDI or WAIS term, nor a significant CDI*group or WAIS*group effect. It is important to note, however, that the CDI scores were largely skewed with most subjects reporting a score of zero (see figure below) and is thus not a suitable distribution for generalizing to potential contributions of current depressed mood on functional connectivity of these regions. The multivariate effects and pairwise comparisons for each MANCOVA are reported in the tables below.
Multivariate Tests (CDI MANCOVA)
© 2018 American Medical Association. All rights reserved. Given our sample size, we were unable to examine group differences in specific life events experienced across all groups. Future studies are needed to examine not only how life experiences contribute to neural mechanisms of resilience to depression, but also, and perhaps more importantly, how differences in interpretation of these experiences, may predict resilience or the onset of depression in adolescence. While there was no significant difference in reported number (p=0.77) or impact (p=0.19) of significant negative life events between the three groups, it is possible that with a larger sample the number and impact of negative life events would be statistically significant between at-risk resilient and depressed adolescents. It would however, be difficult to disentangle this from negative bias found both in in adolescents with depression. 6, 7 An additional limitation is that the present study was designed to evaluate life experiences over the course of adolescence, and did not evaluate early life experiences which we know to be an important risk factor for adolescent depression. 8 Future studies examining the impact of early life stress, familial risk, and adolescent life events are needed to elucidate the contribution of adolescent experience to developing depression.
One particularly intriguing finding in our data was that maternal IQ scores (as measured by WAIS) was higher in the RES than in the CVT group. Although including maternal WAIS scores as a covariate did not change connectivity findings (see S4), they suggest that having a mother with higher IQ is a potential buffering factor of risk or a contributor to resilience. This possibility warrants further investigation.
